MULTIPLE OUTPUT 
INERTLU. SENSING DEVICE 

Cross Reference to Related Applications 

[0001] This application is a divisional of pending application Serial No, 
09/919,427 filed July 31, 200L 

Background of Invention 

[0002] The present mvention relates generally to inertial sensors and, in 
particular, to a multiple output inertial sensing devices, which can ideally be used 
for motor vehicle safety systems. 

[0003] Lateral inertial sensors, or accelerometers, are well known devices that 
sense acceleration generated from an external source such as a body to which they 
are attached. Accelerometers typically contain three main components. A first 
component is a mass, known in the art as a seismic mass or proof mass, that moves 
in response to the external body's acceleration. The proof mass is held in a rest 
position by a second component, which is a spring or a member that functions as a 
spring. A displacement transducer that measures the motion of the proof mass in 
response to acceleration is the third component. Upon acceleration, the mass 
moves from its rest position, either compressing or stretching the spring. The 
transducer detects the movement of the mass and converts the movement into an 
electrical output signal. The output signal, which may be amplified and filtered by 
signal conditioning electronics for more accurate measurement, is then transmitted 
to a control circuit or a control device that responds to the detected acceleration. 
The spring usually restricts the proof mass to movement in a single direction or 
axis. Accordingly, the accelerometer provides a directional acceleration signal. 
The three components of the accelerometer, the proof mass, the spring, and the 
transducer, are collectively known as a sensor or sense element. 
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[0004] Accelerometers typically utilize either a piezoelectric displacement 
transducer or a capacitive transducer. In piezoelectric displacement transducers, 
the motion of the proof mass is converted into the electrical output signal by the 
change in resistance of a piezoresistive material as it is expands or contracts. 
Piezoelectric transducers, however, have the disadvantage of being sensitive to 
heat and stress, which generally requires the use of expensive compensating 
electronic circuits. In capacitive transducers, the motion of the proof mass is 
converted by having the motion alter the capacitance of a member, which is then 
measured. Though capacitive transducers also have limitations, such as parasitic 
capacitance of their associated conditioning electronics, they are preferred because 
they are relatively unaffected by temperature and may be readily measured 
electronically. 

[0005] Accelerometers have been used in many different applications, 
including vibration measurement, for example of rotating equipment, as well as 
shock measurement, inertial navigation systems and motor vehicle control systems. 
Conventional accelerometers, such as those disclosed in U.S. Patent No. 4,945,765, 
are physically large and relatively expensive to produce. As a restdt, few 
conventional accelerometers have been installed on motor vehicles because of their 
size, weight, and cost. 

[0006] Recentiy, semiconductor accelerometers have been developed that 
include the sense elements described above that are reduced in size and are 
mounted on a silicon chip. As a result semiconductor accelerometers are much 
smaller than conventional accelerometers and thus design options regarding the 
location of the accelerometer are more flexible. In addition, semiconductor 
accelerometers are less expensive to produce than the conventional accelerometers 
noted above. 
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[0007] Semiconductor accelerometers are typically manufactured utilizing 
either a bulk manufacturing technique or a surface manufacturing technique, both 
of which are well known in the art. Both bulk and surface manufacturing 
techniques are classified as Micromachined ElectroMechanical Systems (MEMS.) 
In bulk manufacturing techniques, the transducer and associated electronics are 
typically located extemal to the silicon chip. In siuface manufacturing techniques, 
the transducer and electronics can be mounted on the silicon chip, further reducing 
the accelerometer's size requirements, 

[0008] The use of accelerometers in motor vehicles, therefore, is becoming 
more prevalent. They have been used in modem automobile safety systems to 
sense changes in acceleration and provide a control signal for vehicle control 
systems, including speed control systems and antQock braking systems. They have 
also been used to sense crash conditions in order to provide a signal to trigger the 
release of vehicle supplemental restraint systems, more commonly known as 
airbags. Accelerometers in vehicle safety systems are typically calibrated to 
measure the changes in acceleration in terms of G-forces. One G- force, or "G", is 
equal to the acceleration of gravity (9.8 m/s^ or 32.2 fl/s^.) Accelerometers utilized 
in vehicle control systems typically provide signals for "low" sensed accelerations 
in the range of 1 .5G while accelerometers utilized in crash sensing systems 
typically provide signals for "high" sensed accelerations in the range of 40G. 

[0009] In addition to sensing changes in lateral acceleration, motor vehicle 
control systems also utilize angular rate sensors to sense changes in angular 
velocity. Although angular rate sensors typically measure the change in rotational 
velocity of a vibrating ring rather than the change in acceleration of a proof mass, 
angular rate sensors also include transducers and are mounted upon silicon chips. 
Similar to accelerometers, angular rate sensors are utilized to supply control signals 
to vehicle control systems, such as, roll control systems and rollover sensing 
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systems. Again, as with the lateral accelerometer described above, the vehicle 
control systems that utilize angular rate sensors can require different trigger levels. 
Thus, a roll control system responds to signals have smaller magnitudes than those 
utilized by a roll over sensing system. Angular rate sensors and accelerometers are 
known collectively hereinafter as inertial sensors. 

[0010] Prior art motor vehicle safety systems that utilized semiconductor 
inertial sensors typically utilized a separate semiconductor inertial sensor for each 
control system. Each inertial sensor in turn required a separate Application 
Specific Integrated Circuit (ASIC) to process the sensor signal. Separate inertial 
sensors increased the overall cost of each system becaiise each ASIC and inertial 
sensor had to be purchased individually. Each inertial sensor and ASIC required a 
fixed amoimt of space for installation, which correspondingly increased the size 
and reduced the design flexibility of the various control or safety systems due to 
the bulkiness of the inertial sensors. 

[0011] As inertial sensor manufacturing technology becomes more mature, 
advances in MEMS technology continue to be realized. These ongoing technology 
developments in MEMS allow for the continued miniaturization and integration of 
the sense elements and electronics of semiconductor inertial sensors. It would be 
desirable, therefore, to utilize MEMS technology developments to reduce the size 
of the inertial sensors of the prior art. It also would be is desirable to reduce the 
number of inertial sensors and ASICs, to increase the design flexibility in locating 
the inertial sensors and ASICs, to reduce the overall size of the system, and to 
create inertial sensors that can be used as common components in various vehicle 
control systems. 

Summary of Invention 

[0012] The present invention contemplates a single inertial sensor that provides 
multiple output signals for different ranges of operation. The inertial sensor 



5 



includes a silicon wafer that carries a plurality of inertia sense elements. Each 
sense element is calibrated to sense a change in acceleration or a change in angular 
velocity for a predetermined range. Thus, a low-G sense element can be provided 
for a vehicle directional control system, while a high-G sense element can be 
provided for vehicle crash sensing. Similarly, a low range angular rate sensor can 
be provided for a roll control system while a high range angular rate sensor can be 
provided for a rollover detection system. 

[0013] Each of the sense elements is electrically connected to either a common 
signal conditioning circuit or a corresponding separate signal conditioning circuit. 
The signal conditioning circuit amplifies and filters the output signal from each of 
the sense elements and generates an enhanced output signal for each of the sense 
elements. The output signals are traosmitted to associated control systems. 

[0014] Alternately, the invention contemplates a single sense element carried 
by a silicon wafer. The output of the single element is electrically connected to 
multiple signal conditioning circuits with different sensitivities that convert the 
signal generated by the sense element into output signals in different ranges. 

[0015] The present invention also contemplates multiple inertial sensors 
carried by a single wafer that sense changes in inertia along or about more that 
one vehicle axis. 

[0016] Accordingly, it is an object of the present invention, to incorporate 
multiple sense elements upon a single silicon wafer and integrate these multiple 
sense elements into the same inertial sensing device. By integrating the multiple 
sense elements, the size requirements for the inertial sensors and associated 
circuit boards are significantly reduced with a corresponding increase in 
packaging flexibility. 
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[0017] It is another object of the present invention to create inertia! sensors that 
can be used as common components in various vehicle control or safety systems, 
which will reduce the overall cost of the safety systems. 

[0018] Various other objects and advantages of this invention will become 
apparent to those skilled in the art from the following detailed description of the 
preferred embodiment, when read in light of the accompanying drawings. 

Brief Description of Drawings 

[0019] Fig. 1 is a schematic diagram of an inertial sensor in accordance with the 
present invention. 

[0020] Fig. 2 is a schematic diagram of an alternative embodiment of the 
inertial sensor shown in Fig. 1 . 

[0021] Fig. 3 is a schematic diagram of another altemative embodiment of the 
inertial sensor shown in Fig. 1 . 

[0022] Fig. 4 is a schematic diagram of another altemative embodiment of the 
inertial sensor shown in Fig. 1 . 

[0023] Fig. 5 is a schematic diagram of another altemative embodiment of the 
inertial sensor shown in Fig. 1 . 

[0024] Fig. 6 is a schematic diagram of another alternate embodiment of the 
inertial sensor shown in Fig. 1 . 

[0025] Fig. 7 is a schematic diagram of another alternate embodiment of the 
inertial sensor shown in Fig. 2. 

Detailed Description 

[0026] Referring now to FIG. 1, a multiple output inertial sensor is shown 
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generally at 2. The sensor 2 contains a silicon wafer 4. Embedded in the silicon 
wafer 4 is a pair of sense elements 6 and 8. The sense elements 6 and 8 may be 
lateral acceleration sense elements (accelerometers) or angular rate sense 
elements. In the case of accelerometers, the sense elements 6 and 8 may contain 
one proof mass (not shown) and two transducers (not shown), one proof mass 
and one transducer with electronic switching (not shown) to produce a signal for 
multiple ranges, or two proof masses and two transducers. In addition, the sense 
elements 6 and 8 may contain integral transducers (not shown), or the 
transducers may be part of the overall circuit oudined below. The invention 
contemplates that the sense elements 6 and 8 could be formed simultaneously, 
side by side, on the silicon wafer 4, with little or no adverse impact on the wafer 
manufacturing time. Altemately, the sense elements 6 and 8 could be 
manufactured separately and later moimted together in a single package. 

[00271 While two sense elements 6 and 8 have been shown in FIG. 1 , it will be 
appreciated that the invention also may be practiced with more than two sense 
elements embedded in the wafer 4. 

[0028] Each of the sense elements 6 and 8 is calibrated to sense changes for a 
different range of linear acceleration or 'G'-forces, in the case of accelerometers. 
Altemately, for angular rate sensors, each sense element is caUbrated to sense a 
change in angular velocity for a different range of angular velocity. In the 
preferred embodiment, the sensor ranges are non-overlapping. The outputs of the 
transducers of the sense elements 6 and 8 are electrically connected to the input of 
a signal conditioning circuit 10, which functions to amplify and filter the output 
signals fi-om each of the sense elements 6 and 8. The signal conditioning circuit 
10. is electrically connected to one or more vehicle control systems, or devices 
12, such as, for example a vehicle stability control system that maintains 
directional control of a vehicle or an air bag deployment system. The signal 
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conditioning circuit 10 is responsive to the sense element signals to generate an 
output signal that includes the data information from the sense elements and is 
transmitted to the vehicle control system. The output signal triggers an appropriate 
response from the associated control system of systems. 

[0029] In the preferred embodiment, the signal conditioning circuit 10 is 
included in an AppUcation Specific Integrated Circuit (ASIC) (not shown). The 
signal conditioning circuit 10 can be either located remotely from the silicon wafer 
4, as shown in Fig. 1 , or it can be mounted upon the wafer 4 with the sense 
elements 6 and 8 (not shown). The inertial sensor 2 is preferably mounted upon a 
printed circuit board (not shown) with connections for a power supply (not shown) 
and control devices or systems (not shown) that process the signal from the inertial 
sensor 2. 

[0030] Referring now to FIG. 2, an altemative embodiment of the multiple 
output inertial sensor is shown generally at 20. The sensor 20 includes a siUcon 
wafer 22 that is manufactured in a manner well known in the art. Embedded in the 
silicon wafer 22 is a single sense element 24. The output of the transducer of the 
sense element 24 is electrically connected to the inputs of a pair of signal 
conditioning circuits 26 and 28. The signal conditioning circuits 26 and 28 
function to amplify and filter the output signal from the sense element 24 and 
generate an output signal to trigger an appropriate response from associated control 
device or devices. In the preferred embodiment, the signal conditioning circuits 26 
and 28 are included in an ASIC. Similar to the sensor 2 described above, each of 
the conditioning circxiits 26 and 28 is cahbrated for a different ranges of linear 
acceleration, or 'G'-forces, in the case of accelerometers, or for a different range of 
angular velocity, in the case of angular rate sensors. In the preferred embodiment, 
the different ranges are non-overl^ping. Thus, the sensor 20 provides two 
different output signal levels for one sense element 24. Each of the signal 
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conditioning circuits 26 and 28 is connected to an associated control device labeled 
30 and 32, respectively. 

[0031] Referring now to FIG. 3, another alternative embodiment of the multiple 
output inertial sensor is shown generally at 40. In this embodiment, the sensor 40 
includes a silicon wafer 42 that is manufactured in a manner well known in the art 
Embedded in the siUcon wafer 42 are a pair of sense elements 44 and 46. The 
output of the transducer in each of the sense elements 44 and 46 is electrically 
connected to the input of a corresponding one of a pair of signal conditioning 
circuits 48 and 50. The signal conditioning circuits 48 and 50 function to amplify 
and filter the output signal fi*om sense elements 44 and 46 and generate an output 
signal to trigger an appropriate response fi-om associated control device or devices. 
In the preferred embodiment, the sense elements 44 and 46 are included in an 
ASIC. The sense elements 44 and 46 sense changes for different ranges of linear 
acceleration, in the case of accelerometers, or for different ranges in angular 
velocity, in the case of yaw sensors. As before, in the preferred embodiment, the 
ranges are non-overlapping. Each of the signal conditioning circuits 48 and 50 are 
further connected to a control device or system, which are labeled 52 and 54, 
respectively, that process the electrical signals and make an appropriate reaction to 
the sensed acceleration. 

[0032] Referring now to FIG. 4, another alternative embodiment of the multiple 
output inertial sensor is shown generally at 60. In this embodiment, the sensor 60 
includes a silicon wafer 62 that is manufactured in a manner well known in the art. 
Embedded in the silicon wafer 62 are a pair of sense elements 64 and 66. The 
output of the transducer of each of the sense elements 64 and 66 are electrically 
connected to the input of a corresponding one of a pair of signal conditioning 
circuits 68 and 70. The signal conditioning circuits 68 and 70 function to amplify 
and filter the output signal fi*om the sense elements 64 and 66 and generate an 
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output signal to trigger an appropriate response from associated control device or 
devices. In the preferred embodiment, the signal conditioning circuits 68 and 70 
are included in an ASIC. The sense elements 64 and 66 are preferably calibrated to 
sense changes for different ranges of linear acceleration, in the case of 
accelerometers, or for different ranges in angular velocity, in the case of angular 
rate sensors. As before, in the preferred embodiment, the ranges are non- 
overlapping. 

[0033] As shown in Fig. 4, the outputs of the signal conditioning circuits 68 and 
70 are connected to a multiplexer 72, which enables the two electrical output 
signals to be temporarily combined into a single multiplexed signal. The 
multiplexer 72 transmits the multiplexed signal to a demultiplexer 74, that 
demultiplexes the signal into two separate signals for utilization by control devices 
or systems 76 and 78 that process the electrical signals and make an appropriate 
reaction to the sensed acceleration. 

[0034] Referring now to FIG. 5, another altemative embodiment of the multiple 
output inertial sensor is shown generally at 80. In this embodiment, the sensor 80 
includes a silicon wafer 82 that is manufactured in a maimer well known in the art. 
Embedded in the silicon wafer 82 is a single sense element 84. The output of the 
transducer of the sense element 84 is electrically cormected to the inputs of two 
signal conditioning circuits 86 and 88. The signal conditioning circuits 86 and 88 
function to amphfy and filter the output signal from the sense element 84 and 
generate an output signal to trigger an appropriate response from associated control 
device or devices. In the preferred embodiment, the conditioning circviits 86 and 
88 are included in an ASIC and are caUbrated to sense changes for different ranges 
of linear acceleration, in the case of accelerometers, or for different ranges of 
angular velocity, in the case of angular rate sensors. As before, in the preferred 
embodiment, the ranges are non-overlapping. Thus, the signal conditioning 
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circuits 86 and 88 provide two output signals of different magnitude from a single 
sense element 84. 

[0035] The signal conditioning circuits 86 and 88 are further connected to a 
multiplexer 90, which enables the electrical signals to be temporarily combined 
into a single multiplexed signal. The multiplexer 90 transmits the multiplexed 
signal to a demultiplexer [(not shown)] 91, that demultiplexes the signal into two 
separate signals for utilization by control devices or systems 91A and 91B that 
process the electrical signals and make an appropriate reaction to the sensed 
acceleration. 

[0036] It will be imderstood that, while the preferred embodiment of the 
invention has been described as utilizing one or two sense elements and one or two 
conditioning circuits, the invention also can be practiced with more than two sense 
elements or conditioning circuits or any combination of the above may be utilized. 
Accordingly, a sensor 92 is illustrated in Fig. 6 that is similar to the sensor 2 shown 
in Fig. 1, but the sensor 92 includes a third sense element 93 embedded in the 
wafer 4. Each of the three sense elements 6, 8, and 93 is calibrated to sense a 
different range of change in acceleration or rotational velocity and are connected to 
a single signal conditioning circuit 94. As before, in the preferred embodiment, the 
ranges are non-overlapping. The single conditioning circuit 94 generates a single 
output signal that includes the data provided by the three sense elements 6, 8 and 
93 for utilization by control devices or systems 95. 

[0037] Similarly, in Fig. 7, a sensor 96 is illustrated that includes a single sense 
element 24 that has the output of its transducer connected to three separate signal 
conditioning circuits, 26, 28, and 98. Each of the signal conditioning circuits is 
caUbrated for a different range of sense element output signals. Accordingly, the 
sensor 96 is intended to generate three separate output signals that are in three non- 
overlapping ranges. While three sense elements are shown in Fig. 6 and three 
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signal conditioning circuits are shown in Fig, 7, it will be appreciated that the 
invention also can be practiced with more than three sense elements and/or signal 
conditioning circuits. Each of the signal conditioning circuits 26, 28 and 98 are 
connected to an associated control device or system, labeled 100, 102 and 104, 
respectively. 

[0038] Additionally, while the preferred embodiments of the invention have 
been described as having either the sense elements or signal conditioning circuits 
that are calibrated to sense non-overlapping ranges for changes in acceleration or 
rotational velocity, the invention also can be practiced with overlapping ranges. 
Furthermore, while the preferred embodiments of the invention has been illustrated 
and described as having either accelerometers or angular rate sensors carried by a 
single siUcon wafer, it will be appreciated that the invention also can be practiced 
by combining both accelerometers and angular rate sensors upon a single silicon 
wafer. 

[0039] Moimting multiple sense elements on a single siUcon wafer is expected 
to significantly reduce the overall size requirements for inertial measurement while 
reducing manufacturing costs. Similarly, the use of multiplexed output signals will 
simpUfy wiring harness complexity and cost. By providing multiple sense 
elements on a single silicon wafer, the present invention provides greater 
packaging flexibility and reduces the size requirements of the inertial sensors as 
compared to the prior art inertial sensors. The present invention will prove 
particularly usefiil in those vehicle locations where it is desirable to provide signals 
for multiple systems. In the prior art, multiple sense elements with 
correspondingly larger space requirements were necessary. The present invention 
can utilize a single wafer with multiple sense elements, reducing the space 
requirements for the sensor systems. 
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[0040] In accordance with the provisions of the patent statutes, the present 
invention has been described in what is considered to represent its preferred 
embodiment. However, it should be noted that the invention can be practiced 
otherwise than as specifically illustrated and described without departing fi-om its 
spirit or scope. For example, it should be understood that inertial sensors lq 
accordance with the present invention could be installed on any number of devices 
where it is desirable to measure acceleration or angular velocity and, therefore, 
should not be limited to appUcations involving motor vehicles. 



